To establish, using adaptive optics scanning laser ophthalmoscopy (AOSLO), that the retinal parafoveal capillary network is altered before the onset of diabetic retinopathy in adult patients with type 2 diabetes. METHODS. AOSLO videos were acquired in the parafoveal region of one eye from control subjects and from patients with type 2 diabetes and no retinopathy. Detailed images of the parafoveal capillary network were generated with custom motion contrast enhancement algorithms. The combination of AOSLO images and videos enabled the simultaneous assessment of several features of the parafoveal capillary network. Arteriovenous (AV) channels were identified by finding the least tortuous capillary channels connecting terminal arterioles to postcapillary venules. Measures of capillary dropout and capillary hemodynamics were also quantified. RESULTS. The average tortuosity of AV channels was 26% higher in patients with type 2 diabetes when compared with controls, even though there were no signs of diabetic retinopathy in any of the eyes that were assessed (P Ͻ 0.05). In addition, the metrics of capillary dropout showed small changes (between 3% and 7%), leukocyte speed 14% lower, and pulsatility 25% higher, but none of these differences was statistically significant. CONCLUSIONS. It is often difficult to find consistent changes in the retinal microvasculature due to large intersubject variability. However, with a novel application of AOSLO imaging, it is possible to visualize parafoveal capillaries and identify AV channels noninvasively. AV channels are disrupted in type 2 diabetes, even before the onset of diabetic retinopathy. (Invest Ophthalmol Vis Sci. 2011;52:9257-9266)
T ype 2 diabetes is a disease that produces gradual changes in many different systems throughout the body, including the retinal parafoveal capillary network. Retinal capillary beds are more vulnerable than others in the body because of the metabolic demands imposed by the surrounding retinal tissue. In the eye, type 2 diabetes can cause diabetic retinopathy (DR). The prevalence of DR has been reported to be 35% in patients who have had diabetes for 12 years. 1 The earliest clinical signs of DR are microaneurysms (small outpouchings of the capillaries) and dot intraretinal hemorrhages. Although the natural progression of DR from these signs into the late stages has been well characterized, the early microvascular changes that precede DR have not been established, since it is very difficult to assess live human retinal capillaries, due to their small size and low optical contrast. Fluorescein angiography (FA), an invasive procedure and the gold standard for visualizing human retinal capillaries, is not performed under normal situations on patients with type 2 diabetes and no DR, since there is little clinical justification for performing an FA at this stage. Also, as with any invasive procedure, there is a small risk of adverse side effects. 2 Moreover, there are very few animal models that can be used to investigate the capillary network before the onset of DR 3 and even fewer that can be used to investigate both type 2 diabetes and DR. 4 Capillary networks are complex. In a terminal capillary bed, there are arterioles, capillaries, and venules. In general, capillaries can be classified into two categories: thoroughfare channels and exchange capillaries. Thoroughfare channels can be identified as those capillaries that, under normal conditions, provide the most direct path for blood cells from terminal arterioles to postcapillary venules [5] [6] [7] ; all remaining neighboring capillaries are exchange capillaries. Assessment of capillary hemodynamics without consideration of the type of capillary or the proximity of the capillary to a thoroughfare channel can lead to misinterpretation of results. Although there have been previous studies that have investigated capillary hemodynamics in live human retinal capillaries, 8, 9 the measurements were performed on isolated capillary segments without taking into consideration the relationship of the capillary to the surrounding network.
Assessment of the human parafoveal capillary network is commonly performed with a macroscopic metric such as foveal avascular zone (FAZ) size and shape 10 -14 or perifoveal intercapillary area. 13 Although there is a relationship between FAZ size and DR severity, there is large intersubject variability; the average FAZ area of nondiseased eyes has been reported by three different studies as 0.152 Ϯ 0.086, 12 0.367 Ϯ 0.090, 13 and 0.405 Ϯ 0.559 11 (mean square millimeters Ϯ SD, as measured using FA). Thus, the large intersubject variability makes it difficult to detect changes, especially in the early stages of the disease. Moreover, these metrics mask several unique topologic features of the parafoveal capillary network. First, vessels are oriented in a specific manner. Capillaries are preferentially oriented circumferentially, while arterioles and venules are preferentially oriented radially; arterioles and venules are also arranged in an interdigitating manner (i.e., as one moves circumferentially around the FAZ, one encounters an arteriole, then a venule, followed by an arteriole, and another venule, and so on). 15, 16 There are, on average, 2.9 terminal arterioles that directly supply the capillaries at the edge of the FAZ. 15 Second, there is a variation in capillary density in the circumferential direction. The capillary density is slightly increased near venules and slightly decreased near arterioles, [15] [16] [17] because of the small capillary-free zone that surrounds arterioles. However, this effect is diminished as one approaches the edge of the FAZ. 16 Finally, there is also a variation in capillary density in the radial direction. The capillaries form a planar, single-layered structure immediately outside of the FAZ. As one moves radially outward, a deeper capillary layer begins, although this deeper layer is sparser than the superficial layer. 16 Consequently, in the parafoveal capillary network, capillary density is more dependent on proximity from the edge of the FAZ than on eccentricity. Any of these topologic features could become affected in DR with little consequence on a macroscopic metric of capillary density. Thus, there is a need for more sensitive imaging biomarkers to characterize DR.
DR is a heterogeneous disease. In the early stages, most vascular lesions are focal, affecting only a small subset of capillaries. This is not surprising, given that the topography of the capillary network is highly heterogeneous. However, it makes it difficult to define quantitative metrics when assessing early signs of capillary disruption and blood flow, since normal regions of the microvasculature are likely to dominate focal abnormal regions when using any given metric. We hypothesize that there are specific capillary channels within the parafoveal capillary network which are affected in DR. Disruption of such channels would lead to a change in the distribution of blood flow through the network, which could lead to the development of clinical signs of DR.
Recently, we have developed noninvasive methods to visualize and assess the human parafoveal capillary network, 18, 19 with the ability to assess hemodynamics of specific capillaries in relation to the surrounding capillary network, 7 using an adaptive optics scanning laser ophthalmoscope (AOSLO). 20, 21 In this article, we use a novel application of the AOSLO to determine the relationship between capillary channels, capillary network topology, and capillary hemodynamics in patients with type 2 diabetes and no DR. The detailed images generated using the AOSLO may enable us to detect changes in individual capillaries that were previously undetectable.
METHODS
Research procedures adhered to the tenets of the Declaration of Helsinki. After a detailed explanation of procedures, written informed consent was obtained from all participants. The research protocols were approved by the University of California, Berkeley Committee for Protection of Human Subjects.
Subjects
The study recruited 30 human subjects: 15 adult patients with a diagnosis of type 2 diabetes for at least 5 years, with no DR in at least one eye (T2DM_NoDR), and 15 adult age-matched control subjects with no history of diabetes (control). Exclusion criteria were prior ocular surgery (including refractive surgeries), cataract or media opacities, and ocular diseases not associated with diabetes (including any retinopathy). Patients who were pregnant or nursing (lactating) were also excluded.
AOSLO Imaging
One eye from each subject was selected for imaging. In a few subjects, only one eye satisfied all inclusion criteria. If both eyes satisfied all inclusion criteria, then the eye with the lower spherical equivalent refractive error was selected for imaging. The selected eye was dilated (2.5% phenylephrine hydrochloride, 1% tropicamide).
Images of the parafoveal capillary network were generated noninvasively, without the injection of contrast agent, as described previously. 7, 18 Briefly, overlapping AOSLO videos were acquired in the parafoveal region (1.8°field size, 40 seconds, and 60 Hz). The subject's pulse was measured using a photoplethysmograph (MED Associates, Inc., St. Albans, VT) and simultaneously recorded in a data file during acquisition of all videos. Custom motion-contrast enhancement algorithms were applied offline to generate capillary perfusion images from each of the acquired AOSLO videos, and the resulting capillary perfusion images were assembled to generate a montage of the parafoveal capillary network, showing the FAZ and surrounding parafoveal capillaries (Fig. 1) .
AOSLO images of the parafoveal capillary network were successfully generated in 12 of 15 T2DM_NoDR subjects and 12 of 15 control subjects. The overall success rate for AOSLO imaging was 24 (80%) of 30 subjects. The proportion of subjects undergoing conventional FA who had images of sufficient quality for the delineation of individual parafoveal capillaries was 13 (76%) of 17 in a prior study. 13 The success rate of delineating the FAZ using oral FA combined with confocal scanning laser ophthalmoscopy was 16 (47%) of 34. 22 Notably, AOSLO images are generated with minimal risk considering the noninvasive nature of the method. Images of perfused capillaries were used to compare the two groups for qualitative differences. Specifically, we examined AOSLO images for subclinical capillary peculiarities, such as capillary bends and possible precursors to microaneurysms, as well as possible breakdown of the topologic organization of the capillary network.
Clinical Assessment
Medical History. All subjects provided a medical history to verify inclusion and exclusion criteria as outlined above. One control subject was excluded because of a diagnosis of age-related macular degeneration (AMD). For the T2DM_NoDR subjects, hemoglobin A1c (HbA1c) levels were measured, and a slit lamp examination was performed to verify the absence of cataract before AOSLO imaging.
Biometry Measurements. Axial length, anterior chamber depth, and corneal curvature were measured and used to make accurate conversions from visual angle to distance, as described elsewhere 23 (IOL Master; Carl Zeiss Meditec Inc., Dublin, CA).
Fundus Photography and Grading. A digital fundus camera was used to acquire 45°fundus photographs near the posterior pole for all subjects (Visucam Pro NM; Carl Zeiss Meditec Inc., Dublin, CA). For the T2DM_NoDR subjects, two additional photographs were taken (nasal and temporal to the fovea), and the three overlapping color fundus photographs were evaluated by a retina specialist to determine whether there were signs of any retinopathy. Photographs were evaluated off site with no subject-identifying information and no information about the subject's medical history. They were assigned a grading of no retinopathy, mild nonproliferative diabetic retinopathy (NPDR), moderate NPDR, severe NPDR, or proliferative diabetic retinopathy (PDR). In addition, macular edema and any other signs of retinopathy not related to diabetes were noted. The retina specialist assigned a grading of no retinopathy to all T2DM_NoDR eyes that were selected for AOSLO imaging. Three of the T2DM_NoDR subjects were assigned a grading of mild NPDR in the contralateral eye. After the subject from the control group who presented with AMD (as described above) was excluded, AOSLO images of the parafoveal capillary network from 12 T2DM_NoDR subjects and 11 control subjects were generated and used for comparison. The mean and SD of the ages were 55.5 Ϯ 7.6 years for the T2DM_NoDR subjects and 52.2 Ϯ 10.6 years for the control subjects. Detailed information about these subjects is presented in Table 1 . There was a difference in the composition of the ethnicities between the two groups (ethnicity was neither an inclusion criteria nor an exclusion criteria, and thus no attempt was made to select for ethnicity during subject recruitment). Although the prevalence of diabetes is higher in the Mexican-American population, the prevalence of DR is similar when compared to a Caucasian population. 24 Thus far, there have been no major studies that have shown any ethnic differences in the parafoveal capillary network near the FAZ.
Identification of Arteriovenous Channels
We identified AV channels (defined here as the simplest, most direct capillary paths connecting arteries to veins) and calculated tortuosity. The concept of AV channels is based on thoroughfare channels. 5, 6 In the absence of anastomoses (bypass vessels between macular arterioles or venules), as has been shown in the human retina, 16 thoroughfare channels can be identified as the simplest, most direct paths connecting arterioles to venules. We used the following steps to identify AV channels (Fig. 2) .
First, we identified the locations of arterioles and venules. The largest vessels in the AOSLO images were matched to the smallest vessels in the color fundus photographs. Locations of arterioles and venules could be identified by following arteries and veins directly into the AOSLO images. Second, we drew paths to represent candidate AV channels, starting at an arteriole and ending at a venule, applying a simple rule at each branch point. At each branch point, we selected the branch with the smallest branch angle, where branch angle was defined as the angle between the centerline of the vessel upstream of the branch point, and the centerline of the branch. If both branch angles were similar, then both paths were selected. By proceeding in this manner for all arterioles and branch points, we generated a set of candidate AV channels. Finally, we identified the three least tortuous AV channels. There are, on average, approximately three terminal arterioles that feed the capillaries immediately outside of the FAZ 16 ; thus, we expected to find three AV channels.
To quantify tortuosity, we selected a metric that emphasizes areas of high curvature and de-emphasizes areas of low curvature, noting that the curvature of smaller vessels is greater than larger vessels. 25 This definition of tortuosity is fairly consistent with the clinical notion of tortuosity 25 :
Tortuosity ϭ total squared curvature of the line length of the line ϭ TSC L .
To minimize the effect of the discrete nature of pixel representation, we used a sliding least-squares polynomial fitting scheme to calculate the curvature. To calculate the curvature at each point along the channel, we extracted a 20-m segment centered around the point and calculated the least-squares cubic polynomial fit for that segment. We used the polynomial fit to calculate the curvature, based on taking the first and second derivatives of the polynomial, as described previously. 25 We identified the three least tortuous AV channels and calculated the average tortuosity of these three channels. Not all AOSLO images could be analyzed for AV channel tortuosity, because there were variations in data quality both within and across subjects. We attempted to quantify AV channel tortuosity only in the subjects whose FAZs could be delineated using the AOSLO. Thus, the quality of the AOSLO images was sufficient to enable AV channel tortuosity measurements in 11 of 11 control subjects and 11 of 12 T2DM_NoDR subjects.
Macroscopic Measures of Capillary Dropout
We calculated three measures of capillary dropout: FAZ size, FAZ shape, and capillary density. We attempted to quantify measures only in those subjects whose FAZs could be delineated using the AOSLO. Because of variations in the appearance of the FAZ, the number of overlapping AOSLO videos required to fully visualize the FAZ ranged from 9 to 21 videos. Since there were variations in the quality of videos both within and across subjects, sometimes it was not possible to quantify a specific metric across all subjects. However, in all cases, metrics were quantified in as many subjects as possible.
FAZ Size. The borders of the FAZs were extracted using a semiautomated algorithm, as described previously. 18 We identified the FAZ as the largest avascular zone near the fovea. The area of the extracted region was quantified in square pixels and then converted to square millimeters using a model eye parameterized by the biometry measurements from each subject. The effective diameter of the FAZ was calculated as the diameter of the circle with equal area: The quality of the AOSLO images was sufficient to enable quantification of the FAZ size in 11 of 11 control subjects and 12 of 12 T2DM_NoDR subjects.
FAZ Shape. We measured the shape of the FAZ using the following acircularity metric:
Acircularity ϭ perimeter of the FAZ perimeter of the circle with equal area .
A perfectly circular FAZ has an acircularity equal to 1. Deviations from a circular shape increase the value of this acircularity metric. The quality of the combined AOSLO images was sufficient to enable FAZ shape measurements in 11 of 11 control subjects and 9 of 12 T2DM_NoDR subjects.
Capillary Density. The centerlines of all vessels in a region of interest (ROI) within 0.15°of the edge of the FAZ were extracted using a semiautomated extraction process, as described previously. 18 The inner border of the ROI was defined as the edge of the FAZ, and the outer border was defined as the contour spaced 0.15°from the edge of the FAZ. In the parafovea, capillary density increases in a discontinuous manner, from 0 inside to FAZ to an intermediate value in the region of single-layered capillaries, with subsequent increases corresponding to the introduction of additional capillary layers. The eccentricities at which the additional capillary layers begin depend largely on the size of the FAZ; moreover, with an irregularly shaped FAZ, the transition may occur at different eccentricities depending on the direction (e.g., superior versus inferior). Therefore, to minimize confounding factors, we elected to use the ROI defined by the actual shape of the FAZ to capture the approximate zone where the capillary network is singlelayered. We defined the capillary density metric as:
Capillary density ϭ total length of all extracted capillaries area of the ROI ϭ L A .
The quality of the AOSLO images was sufficient to enable capillary density measurements in 8 of 11 control subjects and 9 of 12 T2DM_NoDR subjects.
Capillary Hemodynamics
We calculated two measures of capillary hemodynamics: leukocyte speed and pulsatility index. As for the previous metrics, we attempted to quantify hemodynamics only on those subjects whose FAZs could be delineated with the AOSLO.
Leukocyte Speed. We quantified the speed of leukocytes through selected AV channels. Under normal physiological conditions, there is considerable variation in the distribution of leukocytes across the parafoveal capillary network. 7 Some AV channels contained many leukocytes, whereas others did not. We identified the least tortuous AV channel that also contained many leukocytes and measured the speed of all leukocytes that could be clearly identified in the corresponding 40-second AOSLO video. The speed of each leukocyte was quantified directly, incorporating corrections for raster scanning and eye motion, as described previously. 19 We then calculated the average leukocyte speed by plotting leukocyte speed versus relative cardiac cycle, dividing the cardiac cycle into five bins, calculating the average speed of each bin, and then taking the average speed of the five bins. Relative cardiac cycle was determined from the subject's pulse data, which was simultaneously recorded during video acquisition. Thus, leukocyte speeds were normalized for variations due to the cardiac cycle.
The quality of the AOSLO videos was sufficient to enable leukocyte speed measurements in 8 of 11 control subjects and 7 of 12 T2DM_NoDR subjects.
Pulsatility Index. We calculated the pulsatility index (PI) for leukocytes by using a method described previously. 7 Briefly, leukocyte speeds were plotted versus relative cardiac cycle, and divided into five bins. We defined V max as the bin with highest average speed, V min as the bin with the lowest speed, and V mean as the average speed of all five bins. PI was calculated as:
We calculated PI only when there were at least two leukocytes identified in each bin. Applying this criteria, we calculated PI in 7 of 11 control subjects and 5 of 12 T2DM_NoDR subjects.
Statistical Analysis
We compared the two groups using two-tailed unpooled t-tests with a significance level of 0.05.
RESULTS
In general, there were no obvious homogeneous differences that could be observed between the T2DM_NoDR and control groups (Fig. 3) . The interdigitating arteriole and venule organization was maintained in all images. It appeared that there were areas of focal capillary disruption, notably around areas of capillary bend formation. Interestingly, capillary bends were present in both groups, suggesting that some aspects of capillary disruption may be present, even in healthy subjects (Fig. 4 ). There were also objects that may be precursors to microaneurysms present in both groups; such FIGURE 3. Examples of parafoveal capillary montages generated using custom motion contrast enhancement algorithms. Higher intensities denote areas of greater intensity fluctuations due to blood flow as seen on unprocessed AOSLO videos. Subtle variations in intensity in noncapillary areas are artifacts due to the use of multiple overlapping videos. There were no obvious qualitative differences in appearance between the two groups. Shown are examples: (A) four control subjects and (B) four T2DM_NoDR subjects. Arrows: denote examples of peculiar capillary bends (shown in more detail in Fig. 4 ). (B, ✱) A rather large, avascular region outside of the FAZ, which may be indicative of early capillary dropout. Scale bar, 500 m.
objects were not clinically identified as microaneurysms based on fundus photography. When identifying such objects, it should be noted that interpretation of AOSLO images is different from interpretation of FA images, as sources of hyper-and hypointensity are different; in FA, intensity is a measure of fluorescein dye accumulation and may be indicative of leakage; in AOSLO images, intensity is a measure of high relative flow, with no information about leakage. AV channels were identified, extracted, and quantified for tortuosity (Fig. 5) . Extracted FAZs and capillaries are shown (Figs. 6, 7) .
Statistical Analysis
The average AV channel tortuosity was 26% higher in T2DM_NoDR subjects than in the controls (P Ͻ 0.05). There were no statistically significant differences in capillary dropout or capillary hemodynamics (Fig. 8) . Comparing T2DM_NoDR to controls, the average FAZ size was 7.4% higher, FAZ shape 3.4% higher, capillary density 3.7% lower, leukocyte speed 14.4% lower, and pulsatility index 25% higher. It was difficult to assess whether all variables followed a normal distribution, particularly in the case of FAZ shape, where there was one outlier. Therefore, we also performed Wilcoxon rank sum tests, which confirmed that AV channel tortuosity was significantly higher (P Ͻ 0.05), with none of the other metrics testing as significantly different.
DISCUSSION
We have shown, without fluorescein angiography, that AV channels in the human retinal parafoveal capillary network are disrupted in the early stages of type 2 diabetes, even before any signs of DR. Since most capillaries are exchange capillaries, with only a select few comprising the AV channels, it is relatively difficult to detect this change when using macroscopic metrics to assess the parafoveal capillary network.
Based on the results of this study, we propose a novel hypothesis for the development of clinical microvascular changes (Fig. 9) . Unlike prior studies, this model links microvascular changes and hemodynamics to account for clinical signs.
We hypothesize that there is an ongoing cycle of AV channel disruption, which propagates with a redistribution of leukocytes out of AV channels and into exchange capillaries. A redistribution of blood flow before the onset of DR has been reported in a streptozotocin rat model of diabetes. 3 Initially, with incremental changes in tortuosity, existing AV channels are likely to be replaced by new AV channels, which would be the next, least tortuous path connecting arterioles to venules. However, replacement AV channels would likely include some exchange capillaries, which may not be suitable for increased leukocyte traffic. Specifically, the passage time for leukocytes through exchange capillaries is likely to be much higher than for leukocytes through AV channels. This would lead to an overall accumulation of leukocytes in the network, consistent with previous findings. 26 These leukocytes inside exchange capillaries may lead to focal capillary dropout, for which many leukocyte-based mechanisms have been proposed, 27 which may be triggered by a decrease in the deformability and increase in activation of diabetic polymorphonuclear leukocytes. 28, 29 As the cycle of AV channel disruption continues, one can imagine that there could be two points of no return: first, when all AV channels have been replaced by exchange capillaries, and second, due to progressive disruption, when there are finally no longer any more viable replacement AV channels.
This cycle could lead to clinical signs of DR, with endothelial cell remodeling resulting in the formation of microaneurysms and intraretinal microvascular abnormalities. If leuko- T2DM_NoDR subjects. There were capillary bends and dead-end capillaries present in both groups (top two rows), as well as objects of various sizes that were similar in appearance to microaneurysms (bottom row, arrows), despite the absence of microaneurysms on color fundus photographs. Scale bar, 100 m. cytes were to accumulate inside microaneurysms, as has been qualitatively observed, 26, 30 then this could lead to the subsequent disappearance of the affected microaneurysm. This accumulation of leukocytes inside microaneurysms would be aided by any redistribution of leukocytes resulting from AV channel disruption. Simultaneously, since leukocytes have such a dominant role in determining the flow mechanics in capillaries, disruption of the tissue homeostasis may lead to neural damage or formation of cotton wool spots. Therefore, disruption of AV channels could lead to the formation of clinically observed changes.
There are several potential explanations for why AV channel tortuosity is higher in the T2DM_NoDR group. First, it is possible that the increase is due to endothelial cell proliferation. However, given that our results occur before the formation of clinically identifiable microaneurysms (a sign of endothelial cell proliferation), it is unlikely that the increase in tortuosity can be attributed to endothelial cell proliferation alone. Second, it is possible that a flow parameter such as increased intramural pressure could contribute to an increase in tortuosity, as has been modeled using 7.9-mm diameter latex tubing. 31 However, it is unclear whether the mechanisms for increased tortuosity of larger vessels can be applied to capillaries, since capillaries are by nature more tortuous than larger vessels. Although it is tempting to apply existing mechanisms for increases in vessel tortuosity, it is important to keep in mind that our definition of AV channel tortuosity is based on finding the least tortuous paths. Hence, a higher AV channel tortuosity implies that the set of least tortuous paths is higher, but does not necessarily imply that the tortuosity of any one capillary segment has increased. Given these considerations, along with our hypothesis (Fig. 9) , a higher AV channel tortuosity in patients without retinopathy may simply be the result of the progressive loss of key capillary segments.
Our results are consistent with previous studies that have investigated capillary dropout, which is a hallmark of NPDR. There are several methods to quantitatively assess capillary dropout. The most intuitive method is to quantify the size of the FAZ, with a larger FAZ corresponding to capillary dropout in the parafovea. Although some studies have found statistically significant increases in FAZ size in NPDR, 11, 12 data from other studies show increases only in the later stages, 13, 14 most likely because of the large intersubject variability in FAZ size. There is also some evidence that the FAZ becomes more acircular in DR, with greater effects on the perimeter than on the size. 10, 12 Our measurements of FAZ size and shape are consistent with the numbers reported in these studies, falling between the numbers reported for normal and diabetic FAZs. Finally, our capillary density metric is similar to perifoveal intercapillary area, which has been found to increase in NPDR, 9, 13 with the change likely to occur between mild NPDR and moderate NPDR. 13 These studies and the data from our study suggest that macroscopic capillary dropout is a gradual process that probably occurs only after the manifestation of clinical signs of DR.
There have been many studies of blood flow in DR. However, results are potentially confounded by differences in measurement location (e.g., arteriole, venule, or capillary; papillary, macular; retina, and choroid), disease severity (e.g., NPDR and PDR), disease type (e.g., types 1 and 2), object of measurement (e.g., erythrocyte, leukocyte, and plasma bolus), or even disease model (e.g., rat, monkey and human). Considering only results from human subjects, it appears that blood flow in arteries and veins is decreased before the onset of DR [32] [33] [34] and increased during NPDR. 34 -37 Perifoveal capillary velocity was found to be decreased in patients with diabetes, 9 consistent with the data in this study; however, papillomacular capillary blood flow was found to be increased in patients with type 2 diabetes but no DR, 8 suggesting that changes in the blood flow are heterogeneous. Finally, studies investigating the pulsatility of blood in choroidal vessels have found increases in pulsatility FIGURE 7. Extracted capillaries for (A) control and (B) T2DM_NoDR subjects. Some subjects could not be analyzed because of data quality in one or more portions within the ROI. Scale bar, 500 m.
FIGURE 8.
Results from statistical analyses, for control (A) and T2DM_ NoDR (B) groups. AV channel tortuosity was significantly higher in the T2DM_NoDR group compared to the control group (P Ͻ 0.05). For FAZ shape, which had one outlier, a Wilcoxon rank sum test confirmed that the difference between groups was not statistically significant (P ϭ 0.26).
in the later stages of DR (severe NPDR, PDR), 38, 39 but the results are inconsistent in the earlier stages, with decreases, 38 no change, 39 and increases 40 shown. In our study, leukocyte speed was 14% lower and the pulsatility index 25% higher. We identified capillary segments using AV channels to perform leukocyte speed measurements in the same corresponding location of the parafoveal capillary network in all subjects; furthermore, measured speeds were normalized for the cardiac cycle. The average heart rate, which was simultaneously recorded during the acquisition of every AOSLO video was similar in both groups (66.4 Ϯ 11.7 for T2DM_NoDR and 64.7 Ϯ 9.4 for controls, reported as mean beats per minute Ϯ SD). Increased AV channel tortuosity is consistent with decreased leukocyte speed, since leukocytes must deform to travel through small capillaries in single file, 41 and any increase in tortuosity is likely to require additional deformations for leukocyte passage. In addition, the decreased leukocyte speed is consistent with the increased rigidity of diabetic leukocytes. 42 Although the results of statistical testing for these hemodynamic measures were not significant (i.e., inconclusive), such metrics may still be of clinical importance.
There are several limitations to this study. First, the sample sizes of the control and T2DM_NoDR groups are small. Because of the small sample size, it was not meaningful to examine correlations with variables such as HbA1c, disease duration, or age. The age range in this study was narrow, as it was predetermined mostly by the inclusion criteria of type 2 diabetes with no DR, and at least 5 years' disease duration; by 15 years' duration, nearly 80% of type 2 diabetes patients have signs of DR. 43 Despite the small sample size, AV channel tortuosity was significantly different when comparing patients with type 2 diabetes and controls, suggesting that this metric is highly sensitive. In this study, we selected the three least tortuous channels. To explore the robustness of this metric, we also compared the least tortuous channel, as well as the average of the two least, four least, and five least tortuous channels, and found statistically significant differences in all cases. However, larger studies should be undertaken to validate our findings.
Second, the ethnicity is markedly different between the two groups. Although there are no studies to suggest that the parafoveal capillaries are different with respect to ethnicity, it is possible that changes may be due to ethnicity. We did not find changes in the macroscopic measures of capillary dropout, which supports our assumption that there are no significant ethnic differences.
Finally, the process of AOSLO imaging combined with video and image analysis is time-consuming and requires specialized equipment that is not yet commercially available. In this study, AOSLO imaging for one eye from each subject required approximately 2.5 hours, followed by approximately 20 hours of offline processing per eye to generate images of parafoveal capillaries and to quantify the metrics described in this study. However, these methods are not yet optimized, as nearly every step utilizes custom hardware and software. Future optimization and automation of imaging and processing will certainly result in significant improvements in speed.
In the future, studies should be performed to validate the AV channel tortuosity metric, perhaps by examining highquality FAs to evaluate AV channel tortuosity in NPDR and PDR. Results from this study are important for planning future studies. As examples, our results suggest that approximately 180 subjects would be needed to achieve significance for a change in FAZ shape (when including the outlier), 160 subjects for a change in FAZ diameter, 120 subjects for capillary density, and approximately 30 subjects for leukocyte speed or pulsatility index (assuming a two-sided t-test, significance level 0.05, and power level 0.80).
In conclusion, we demonstrate a unique method to noninvasively assess retinal capillaries and leukocytes in patients with type 2 diabetes and no DR. Although there are now several methods for noninvasively visualizing capillaries in humans, 44 -46 the system of imaging and analysis described in this article is unique in that capillaries and leukocytes can be analyzed from the same dataset. Furthermore, we offer a "causative" model that links microvascular changes and blood flow to clinical signs of DR (Fig. 9) .
These new methods may be useful for assessing the microcirculation in other diseases, particularly as advances in technology reduce the time commitment for analysis and allow for larger study populations. This application may find the most use in cases when FA is not performed (for whatever clinical reason), or for establishing a normal database of parafoveal capillaries, since our data suggests that subclinical capillary peculiarities may exist even before the onset of disease (Fig. 3) .
Although it is often difficult to find changes in the microvasculature due to large intersubject variability, AV channels in the parafoveal capillary network are disrupted even before the presence of any clinical signs (P Ͻ 0.05), and this change appears to precede measureable levels of capillary dropout as well as alterations to leukocyte flow. As such, AV channel tortuosity is the most promising candidate as an imaging biomarker for evaluating the efficacy of a therapeutic agent or as a tool for assessing the onset and progression of DR. FIGURE 9. The proposed mechanism for progression from AV channel disruption to NPDR. EC, endothelial cell; MAs, microaneurysms; IRMAs, intraretinal microvascular abnormalities; CWS, cotton wool spots.
